Introduction
More than three and a half of years ago, there were a large earthquake in north east area of Japan, i.e. East Japan great earthquake disaster [1] , and the residents in the area have been suffering and still on the recovery process from the disaster. A lot of fires were observed in the northeast area of Japan, for example in Kesen-numa City, and so on. Fortunately, there were no reports of fire whirlwinds observed in this disaster, despite of a number of town area fires occurred. However, fire whirlwind is still one of the concerned accidents in the earthquake [2] .
A large-scale wide area fire, such as a town area fire or a forest fire, sometimes induces a strong rotating flow, which is to be called fire whirlwind. Fire whirlwind consists of a tornado that includes flames, hot winds and sparks. One of the worst cases which should be avoided at the large-scale fire is the fire whirlwind, because the whirlwind itself is dangerous and play an important role to enhance spread of a fire due to widely scattering sparks.
Even if a small fire occurs, not only a flame induces an upwarding air flow and consumes oxygen from the neighboring, but also a current of air against the flame is present in orde to collect oxygen from wider area. Therefore, a big natural convection will be introduced in the fire current. In the case that the wind may blow from a certain direction into the fire current, uniform air suction collapses with the upwarding air flow. Consequently, a vortex is easily generated, because the fire current turns to a fire whirlwind due to accompanying the upwarding motion with rotating one. Fire whirlwind may be flowed away by a strong downstream wind, or may wander around to collect much oxygen.
There are some experimental works to investigate and reproduce the fire whirlwind in order to explore a flow property and express factors of fire whirlwind outbreaks [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . There are also numerical works in order to analyze the property and the factors [17] [18] [19] [20] [21] [22] [23] [24] . In spite that various factors, such as direction and velocity of horizontal wind or heat generation from the fire, are concerned to outbreak of a fire whirlwind,, it is not sufficient to show outbreak mechanism of a fire whirlwind.
Convective and radiative-convective heat transfer analyses with respect to fire whirlwind were also performed in our laboratory on former studies [25] [26] [27] , just radiative exchange between solid surfaces was carried out. Therefore, in this study, radiative heat exchange is dealt in consideration of radiative gas using Radiation Element Method by Ray Emission Model (REM 2 ) [28] . Radiative heat transfer effect on fire whirlwind is discussed.
Then, three dimensional analyses are performed to investigate the thermal and flow fields by using the Finite Volume Method [29] with introducing divergence of radiative heat flux for gas medium. The SIMPLE method is utilized to solve the discretized equations. Natural convection is caused from a plane source of constant temperature in the flat ground. Fire whirlwind is forcely generated stably just above the heat source with introducing air currents from four courners. For making of analysis models, a representative example of the fire whirlwind that occurred at Tokyo in the Great Kanto Earthquake (1923) is referred.
In the analysis, one dimensional radiative exchange analysis above the heat source is compared with three dimensional one to reduce the computational load and time. One-dimensional radiative exchange analysis is suffifient with respect to the accuracy. Then, the composition of participating gases is altered to discuss the effect of radiative heat exchange to the whirlwind flow field. Three dimensional analyses are performed to investigate the thermal and flow fields by using the Finite Volume Method with introducing divergence of radiative heat flux for gas medium. Fire whirlwind is forcely generated stably just above the heat source with introducing air currents from four courners. From the comparison of thermal and flow field between convective flow analysis and combined radiative-convective flow analysis, radiative heat exchange has a great influence to the thermal field and a less influence to the flow field. Increase of participating media concentration gives raise of temperature due to absorption and reemission, and water vapor influences thermal field more than carbon dioxide.
Analysis and modelling

Radiative exchange
Consider the radiation element of participating medium, which is comprised of a polyhedron surrounded by polygons as shown in Figure 1 . The spectral radiation intensity, I λ , at r → in the direction ŝ can be expressed in terms of the radiation energy balance by ( ) where κ λ and σ s,λ are spectral absorption and scattering coefficients, respectively. Here, S is the path length in the direction ŝ, I b,λ is spectral black-body radiation intensity, Φ λ ( ŝ ′ → ŝ ) is the phase function from the direction ŝ ′ to ŝ, and ω is solid angle.
Considering the i-th participating radiation element, and assume that each radiation element has constant uniform temperature of T i , refractive index and heat generation rate per unit volume, q X ,i . A ray passing and a part of the ray is scatted. The ray is consisted of absorbed, scattered and transmitted fractions. Additionally, the scattered radiation is assmed to be uniformly distributed over the element. [30] For anisotropic scattering media, an apparent extinction coefficient β λ * is introduced, and a corrected scattering albedo Ω λ * is obtained by introducing the delta function approximation [31] . Thus, an anisotropic scattering medium can be treated as an isotropic scattering one. The third term on the right hand side of equation (1) can be approximated by ( ) ( ) ( )
where Ω λ is scattering albedo, μ ′ is directional cosine, and I λ D is the average scattered radiant intensity.
A radiation element i can be regarded as either a volume element or a surface boundary.
Equation (1) is integrated along the path length S i (ŝ) = V i / A i (ŝ) and with respect to all discretized solid angles, in which V i and A i (ŝ) show volume of element and projection area of element onto the surface normal to ŝ, respectively [32] . The spectral radiation energy, Q J ,i,λ , from the radiation element i, is given by
and Ω i,λ S are emissivity, diffuse reflectivity and specular reflectivity of i-th radiation element, respectively. I b,i,λ is spectral black-body radiation intensity of i-th radiation element, and I i,λ D is average scattered radiant intensity of i-th radiation element. A i,λ R is the effective radiation area [28] which is defined as follows,
* is apparent extinction coefficient of i-th radiation element. By introducing the absorption view factors F i, j A and the diffuse scattering view factors F i, j D defined by Maruyama [31] and equation (3), the following equations are obtained:
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In case of arbitrarily assuming the boundary conditions of the heat transfer rate of the emissive power, Q T ,i,λ , or the net rate of heat generation, Q X ,i,λ for each radiation element, solving equations (6) and (7) using the method previously described by Maruyama and Aihara [28] gives the unknown Q X ,i,λ or Q T ,i,λ . The relationship between q X ,i and Q X ,i,λ is obtained by , , ,
,
where λ is wave length. An analytical method for radiative heat transfer, i.e. the radiation element method by ray emission model, REM 2 , is used in radiative heat transfer analysis, and the Statistical Narrow Band (SNB) model is combined to the REM 2 to consider the spectral dependence of the radiative properties.
Thermal and fluid flow fields
The governing equations of thermal and flow fields are the continuum equation, the Navier-Stokes equation, and the energy equation. The thermal and flow fields are assumed to be unsteady state and three dimensional. These equations are normalized and transformed to the following generalized conservation equation.
where t shows time, u, v and w are the normalized velocity components for x, y and z directions, respectively. (8)). Turbulent flow is treated by using high Reynolds number turbulence model.
In the thermal and fluid flow analysis, equation (9) is discretized by using the Finite Volume Method [29] . The SIMPLE method is utilized to solve the discretized equations. Physical properties of the mixture are altered depending on the change of temperature. Figure 2 shows an analysis procedure in this study. Temporal temperature distribution is initially given to analyze nongray radiative heat transfer by REM 2 . Then, the derived heat generation rate is introduced to the energy equation, and the thermal and flow field is analyzed by FVM using the SIMPLE method. The derived temperature is introduced to the REM 2 again as an initial temperature distribution, and iteration is repeated until the derived distribution is converged to the initial distribution. Steady state solution is obtained through this iteration loop. Figure 3 shows analytical domain for calculation, which scale is based on the Great Kanto Earthquake (1923) in Japan. Heat source on the bottom center has 800m in width and depth, and this value is representative length L. Therefore, the analytical domain is a cubic of 2,000m in width, depth and height. Heat source is applied uniform temperature of 2,000K, and the domain is assumed to be surrounded by circumstance of 293.15K. Initial temperature of the domain is also set to 293.15K. Mixture gas is constituted by water vapor, CO 2 and Nitrogen.
Analysis procedure
Analytical model
All the domain surfaces are assumed to be black for radiative exchange, and the surfaces except the bottom are opened. Fire whirlwind is forcely generated stably just above the heat source with introducing air currents from four corners. The currents velocities U are constant of 5m/ s at the inlet surfaces of 600m in width and 200m in height. Combustion nor chemical reaction is not considered in the calculation. Table 1 shows concentration of participating gases in mixture for radiative heat exchange. Carbon dioxide has three values; no concentration, concentration in general atomosphere and the maximum concentration in case of fire. Water vapor also has three values; no concentration, concentrarion of saturated water vapor at the initial temperature and the concentration of saturated water vapor at boiling point. 
Results and discussions
In this chapter, results are shown and discussed with respect to influence of mesh spacing, effect of radiative exchange, and influence of participating media concentration on heat exchange and flow distribution.
Influence of mesh spacing on radiative exchabge and flow distribution
Before radiative exchange is coupled with convective flow calculation, influence of mesh spacing on radiative exchange and that on convective flow are individually evaluated. Figure 4 shows temperature distribution above the heat source by convective flow analysis without considering the radiative heat exchange. Mesh with uniform spacings means uniform spacings for x, y, and z directions, and mech with non-uniform spacings means uniform spacings for x, and y directions and non-uniform spacings for z direction. For all the cases, distributions are almost the same, but the coarse mesh is difficult to simulate the temperature distribution just above the heat source. Mesh with non-uniform spacings is effective to reduce computation load and to keep the accuracy. Figure 6 shows divergence of radiative heat flux above the heat source. In case of coarse mesh employed, total amount of divergence of radiative heat flux is balanced with higher value just adjacent to the heat source and comparable lower value above the heat source until lower height 100m.
Convective flow analysis
Radiative exchange analysis
This figure also suggests utilization of at least 30 non-uniform mesh spacings for z direction in the radiative exchange analysis.
Summary
Individual calculation of convective flow analysis and radiative exchange suggest utilization of at least 30 non-uniform mesh spacings for z direction, and 30x30x30 mesh with non-uniform spacings is adapted for combined radiative-convective analysis.
Effect of radiative heat exchange
In our previous study, scale effect of fire whirlwind is discussed with using the numerical analysis, and relationship between a real phenomenon and the phenomenon in the reduction was examined with considering radiative heat exchange [26] . The P-1 model was utilized to simulate the radiative heat transfer from the heat source at high temperature. It was found that radiative heat exchange played an important role in the heat transfer at the higher temperature field, whereas just radiative exchange between solid surfaces was carried out.
In this study, radiative heat exchange is dealt in consideration of radiative gas using Radiation Element Method by Ray Emission Model (REM 2 ) [28] . Radiative heat transfer effect on fire whirlwind is discussed.
Comparison of 1-d and 3-d radiative heat exchange
One dimensional radiative exchange analysis above the heat source is compared with three dimensional one to reduce the computational load and time. Figure 7 shows the comparison of divergence of radiative heat flux above the heat source between one dimensional parallel analysis model and three dimensional analysis model. Even though the one dimensional analysis model omitted the effect of surrounding boundaries, these two results coincide comparable. Therefore, further analysis employs one dimensional model for radiative heat exchange. Figure 8 shows heat generation rate for convective flow analysis and divergence of radiative heat flux for radiative heat exchange above the heat source. Though values of divergence of heat flux are smaller than those of heat generation rate, just convective flow analysis ignores these amounts to simulate. It is easily expected that the radiative heat exchange due to participating media plays an important role more than the radiative heat exchange between surfaces. Figure 9 shows comparison of temperature distribution above the heat source after 30 minutes from analysis. As expected from the distribution of heat generation and divergence of radiative heat flux, tempearature distribution is different, especially until lower height 100m. Participating media have much influence to the temperature distribution, and play an important role. Figure 10 shows streamlines of the flow field. Lines are colored by velocity magnitude. Whirlwind is stably generated above the heat source, and is shrinked sharply with the height from the heat source. Figure12 shows the circulation (product of radial distance and circumefential velocity) distribution at the 10m height from the bottom surface. Almost the inner part of whirlwind is assumed to be a forced vortex, and the outer part is to be a free vortex, due to the four air inlets. Results from the combined radiative-convective flow analysis are also almost the same with that from convective analysis. 
Comparison of convective flow analysis and radiative-convective flow analysis
Thermal field
Flow field
Summary
From the comparison of thermal and flow field between convective flow analysis and combined radiative-convective flow analysis, radiative heat exchange has a great influence to the 
Influence of participating media concentration on heat exchange and flow distribution
In practical fire whirlwind, combustion and chemical reaction release some participating media. In this section, representative participating media, i.e. carbon dioxide and water vapor is considered, and the concentration of these participating media is altered to evaluate the influence on heat exchange and flow distribution.
Figure15 shows a comparison of divergence of radiative heat flux with changing the concentration of participating media along the Table 1 . Case A means no participating media in the fluid, resulting in no radiative heat exchange. Increase of concentration of participating gases leads the increase of divergence of radiative heat flux in the vicinity of the heat source, i.e. absorption and re-emission of heat due to these participating media. Remarkable increase of divergence of radiative heat flux is observed in case of increase of water vapor concentration. Table 1 for the combined analysis to observe the tendency between temperature and concentration. As discussed in Figure 15 , water vapor plays more important role to the thermal field than carbon dioxide.
It is summarized that increase of participating media concentration gives raise of temperature due to absorption and re-emission, and water vapor influences thermal field more than carbon dioxide. However, these calculations employ uniform concentration over the analytical domain. Release and diffusion of participating media have to be considered for more practical evaluation of the whirlwind. 
Conclusions
In this study, three dimensional analyses are performed to investigate the thermal and flow fields by using the Finite Volume Method with introducing divergence of radiative heat flux for gas medium. Fire whirlwind is forcely generated stably just above the heat source with introducing air currents from four courners. One dimensional radiative exchange analysis above the heat source is compared with three dimensional one to reduce the computational load and time. One-dimensional radiative exchange analysis is suffifient with respect to the accuracy in these calculations. Then, the composition of participating gases is altered to discuss the effect of radiative heat exchange to the whirlwind flow field. The following concluding remarks are gotten from the combined heat transfer analysis.
• Individual calculation of convective flow analysis and radiative exchange suggest utilization of at least 30 non-uniform mesh spacings for z direction, and 30x30x30 mesh with nonuniform spacings is adapted for combined radiative-convective analysis.
• From the comparison of thermal and flow field between convective flow analysis and combined radiative-convective flow analysis, radiative heat exchange has a great influence to the thermal field and a less influence to the flow field. Flow field is much characterised by turbulent.
• Increase of participating media concentration gives raise of temperature due to absorption and re-emission, and water vapor influences thermal field more than carbon dioxide. However, these calculations employ uniform concentration over the analytical domain.
